The search for heavy Higgs bosons is an important step to probe the parameter space of the Minimal Supersymmetric Standard Model. In this work, we classify all possible decay modes of the supersymmetric heavy Higgs boson using the SModelS framework. We work within the phenomenological MSSM and use the ATLAS pMSSM study as our viable parameter space. We find that for a bino-like and higgsino-like LSP, a significant region of the parameter space results in mono-X (X = h, W , Z) final states. For wino-like LSPs, we demonstrate the existence of displaced vertex signatures with a large signal cross section. Finally, we argue that by covering the mono-X final states, a large part of heavy Higgs decays can be tested at the LHC.
Introduction
Among Beyond the Standard Model (BSM) searches at the Large Hadron Collider (LHC), heavy Higgs searches form an important component. While the discovery of a Standard Model (SM) Higgs boson [1, 2] has brought a new era to the searches for scalar particles, there is no final word on whether the observed Higgs boson is unique or whether it is a part of an extended sector.
Extended Higgs sectors appear in a variety of BSM scenarios [3] [4] [5] [6] [7] . The primary production modes for a heavy neutral Higgs within such extended sectors are gluon fusion (ggH) and bottom-(bbH) and top-quark annihilation (ttH) 1 . At the LHC, searches for extended Higgs sectors are primarily carried out in SM final states, as key decay modes are demonstrated to be γγ, ττ , bb and V V , where V = W , Z, h. However, heavy Higgs decays to BSM particles are also possible. If the branching ratio of a heavy Higgs to BSM particles is large, the searches for SM final states may no longer be effective.
Among the theoretical scenarios featuring extended Higgs sector, supersymmetry (SUSY) is a well motivated candidate [5, 8] . While searches for the direct production of SUSY particles are extensively carried out at the LHC, it is also possible that the supersymmetric heavy neutral Higgs decays to SUSY particles. This opens another possibility to search for SUSY.
It has been previously shown that within the R-parity conserving Minimal Supersymmetric Standard Model (MSSM), heavy Higgs bosons can in general have a large branching ratio to SUSY particles [9] [10] [11] [12] , correspondingly resulting in large signal cross sections with SM and missing energy (MET) final states at the LHC [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . Despite these early encouraging studies, a complete classification of supersymmetric Higgs to SUSY final states and associated signatures at colliders remains to be done.
Here, s α ≡ sin α and c α ≡ cos α. At tree-level, the Higgs masses are determined by two independent parameters: the ratio of the two vacuum expectation values (vevs), tan β = v u /v d , with v 2 d + v 2 u = v 2 SM , and the mass of the pseudo-scalar, m A [5] [6] [7] . Since the mass of the light Higgs boson cannot exceed the Z boson mass for leading order calculations, radiative corrections play a crucial role in the determination of the MSSM Higgs masses. These radiative corrections arise mainly due to 3 rd generation (s)particles leading to a dependence on the chosen parameters for the squark and slepton masses. In the decoupling limit m A m Z , h is SM-like and the masses of the heavy Higgses are (almost) degenerate.
Within this work, we will focus only on the phenomenology of heavy neutral MSSM Higgs boson (H).
Heavy Higgs Boson Couplings to Weakinos
The couplings to weakinos depend on gaugino-higgsino admixture of neutralinos and charginos. Therefore, the couplings for left-and right-handed weakinos to the CP-even neutral heavy Higgs bosons
where s W and t W represent the sine and tangens of the weak mixing angle, are strongly dependent on the neutralino (chargino) mixing matrices Z (U, V) and therefore on the pMSSM parameters M 1 , M 2 , µ and tan β [5, 6] . Furthermore, due to the appearance of the Higgs doublet mixing angle α, the couplings also depend on the Higgs boson masses, thus the parameter m A . For the decoupling regime (m A m Z ), the mixing angle α is small and terms proportional to sin α become negligible.
Heavy Higgs Boson Couplings to Sfermions
The couplings of the heavy neutral Higgs bosons to sfermions can be large for the third generation, as they include terms proportional to their SM partner mass squared m 2 f and terms proportional to their trilinear couplings A f . Furthermore, couplings to the bottom squark are enhanced for large values of tan β and can exceed those to top squarks. The Lagrangian for the interaction 2 of heavy Higgs bosons to squarks can be written as 6) where C Hqq contains the couplings to squarks, r u 1 = sin α/ sin β, r u 2 = − cos α/ sin β, r d 1 = − cos α/ cos β and r d 2 = − sin α/ cos β, s W represents the sine of the weak mixing angle, I 3L q is the weak isospin, Q q is the electric charge, m q is the mass of the quark and finally A q is the trilinear coupling. For the decoupling regime, where m H m Z , the Higgs mixing angle α is negligible for moderate to large tan β and thus, only r u 2 and r d 1 are nonvanishing. Furthermore, the trilinear couplings of the 1 st and 2 nd generation squarks are set to zero in pMSSM. Due to the light mass of the SM light quarks, the coupling of 1 st and 2 nd generation squarks can be approximately reduced to the diagonal terms in the matrix given above, leading to a strong dependence on cos β, and thus the pMSSM parameter tan β. Qualitative features of Higgs couplings to charged sleptons are similar to Higgs couplings to down-type squarks and the exact couplings will not be described here.
Additionally, the mixing angles α and β, and therefore the mass of the Higgs bosons (see eq. 2.3) influence the couplings to up-type and down-type fermions, as well as couplings to vector bosons. The coupling of the heavy Higgses (H, A) to fermions strongly depend on tan β leading to crucial effects in heavy Higgs production mechanisms [5] [6] [7] . Due to this, at large tan β the bottom-quark annihilation (bbH) production mechanism dominates over gluon fusion (ggH).
An important point to remember from this discussion is that while the heavy Higgs production cross section increases with tan β, the branching ratio to weakinos decreases and the branching ratio to down-type squarks and charged sleptons increases. However, Higgs decay to bb is also enhanced and typically it wins over decays to sfermions for large tan β. We will comment about this further in the results section.
Analysis Setup
Even though a full 19-dimensional parameter scan of the pMSSM is computationally expensive, it is a necessity to systematically probe the full parameter space. This study uses the pre-collected and categorized pMSSM dataset from a multi-dimensional flat-prior scan, stored in the SLHA file format [29] . It assumes soft SUSY breaking, R-parity conservation and no additional sources of CP and flavor violation at the electroweak scale. It further demands the Lightest Supersymmetric Particle (LSP) to be a stable dark matter candidate, the lightest neutralino. The SM input values and the soft parameter ranges for the scan are given in Ref. [30] .
The pre-collected data sample is already tested against LEP constraints, current limits from the flavor sector, the muon g µ − 2 and obeys the upper bound on the Dark Matter relic density. It also requires the SM Higgs mass to be between 124 to 128 GeV. The points passing all these constraints are checked against 22 distinct ATLAS Run 1 SUSY searches. Further details about the applied constraints are given in Ref. [29] . For underlying theory studies see [30] [31] [32] [33] . The availability of the data sample which has been thoroughly tested against existing LHC limits is a primary reason to choose the ATLAS pMSSM dataset for our study.
In addition, we check the resulting SLHA files against SM and MSSM Higgs constraints using HiggsSignals-1.4.0 [34] [35] [36] and HiggsBounds-4.3.1 [37] [38] [39] [40] [41] respectively. HiggsBounds uses a number of experimental analyses , and internally uses several SM results to convert between experimental limits with different normalizations. As we aim to classify heavy Higgs decaying to SUSY particles, parameter sets where the neutral CP-even heavy Higgs solely decays to SM particles are removed.
The total dataset is divided into three categories, bino-like, wino-like and higgsino-like LSP, according to the dominant part of the neutralino mixing matrix Z (see table 1 ). It is important to realize that the nature of the neutralino signifies only the dominant part of the mixing matrix rather than a pure nature. This will be important while discussing the results. Our work focuses on the bino and higgsino dataset. Due to the small mass difference between the lightest charginoχ ± 1 and the wino-like LSP, a majority of the parameters in the wino-set result in long-lived charged particles, leading to displaced vertex signatures in the detector. Since the SModelS framework is not capable of handling displaced vertices, the wino-set is not processed in this work. None-the-less we will discuss salient features of Higgs decays to wino-like LSP. No additional constraints from the Higgs sector were applied to this dataset. In order to avoid any long-lived particles in the final states, we remove SLHA files containing particles with a decay length cτ > 1 mm from the bino and higgsino dataset as well. The complete classification of the Higgs decay modes involves the dependence on the characteristics of each of the supersymmetric particle. It is hence difficult to work out all the combinations possible for the Higgs decay. We hence take help of SModelS which can automatically compute all possible decay modes and reports the output in a convenient format which can be interpreted further.
SModelS Framework
SModelS [26] [27] [28] Given an input file, containing production cross section and branching ratios of Z 2 -odd BSM particles, the code first constructs all possible combinations of production cross sections σ odd times branching ratio B. It is important to know that such combinations of (σ odd ×B) i , called elements, depend on the underlying parameter space and hence different SLHA files will lead to different elements. For each element, SModelS stores information on the masses of BSM particles involved and the theory predictions (σ odd × B) i . This feature of dynamically constructing all possible elements is crucial to identify simplified decay chains as heavy Higgs decays can lead to different decay chains, which is difficult to classify analytically.
The elements which result from decomposition are then grouped together depending on the required information. For testing against the experimental results, elements are grouped according to assumptions on experimental results 3 . These can include, the mass vector of BSM particles involved and the charges or flavor of SM final states. To identify elements which are not currently tested by experimental results, all elements leading to the same final state are summed over, irrespective of the BSM mass vector. This is the so-called missing topologies module, which will be heavily used in this study. The missing topologies are accompanied by their theoretical prediction of (σ odd × B) i .
Finally, it is difficult to form simplified models with elements resulting in long decay chains.
The code hence provides information about the mother particles and the theoretical prediction of σ odd × B of decay chains with more than one intermediate state in at least one branch. The theoretical prediction of σ odd × B includes all final states with same initially produced mother particles. The long cascade decays thus symbolize complicated topologies where it might not be possible to define simplified models. The weights (σ odd × B) i of these decay chains also give an estimate of the signal cross sections, which cannot be constrained via simple interpretations of experimental searches.
To reduce the computing time of the decomposition, a so-called σ cut parameter is used in SModelS. It allows to neglect decay chains with cross sections times branching ratio below σ cut . Since we use SModelS for the calculation of a rather low production cross section of the mother particle (here heavy Higgs) and aim to classify all possible decay modes, we thus use an equally low σ cut = 10 −9 fb. Despite the very low σ cut , the final signal cross sections in a given final state can be significant, as SModelS sums over individual elements adding the corresponding (σ odd × B) i . It is worth noting that an optimal use of SModelS can be achieved by setting the σ cut parameter to a relative value compared to the BSM production cross section. This is particularly important for using SModelS for analyzing BSM models with very low production cross sections.
When the mass difference between two BSM states (∆m) is small, a mass compression is performed by SModelS. Mass compression effectively removes the decay chain which results in soft objects at the detector and replaces the LSP by an effective LSP mass. The main advantage of performing a mass compression is that the resulting simplified topology is shorter than the original one and soft final states are reduced. We set ∆m = 5 GeV for this procedure. This is of particular importance for the higgsino dataset where the mass difference between the two lightest neutralinos and the lightest chargino is small. Thus, a decay of the latter can be undetected.
Furthermore, invisible compression is used to disregard invisible decay products occurring at the end of decay chains in the SMS topologies.
During the decomposition procedure and in the final output, the SModelS framework uses bracket notation describing the simplified model topologies. However, for better readability we use a simplified version of the bracket notation with every branch being enclosed by parenthesis and vertices being separated with commas. For simplicity, we write only the SM final states and do not label the intermediate BSM states. Existence of MET in each of the branch at the end of decay chain is assumed and we do not explicitly write it. For example, pp →t 1t1 , witht 1 →χ 0 1 t, the so called T2tt topology, will be written as [
[[t]],[[t]]] within SModelS, while we will represent it as (t),(t).
Currently, SModelS is applicable for any BSM scenario obeying a Z 2 symmetry and resulting in a MET final state at the LHC. The formalism is thus not capable of directly decomposing the heavy Higgs decays to supersymmetric particles, as it does not obey Z 2 symmetry. Nevertheless, we demonstrate that it is possible to use SModelS for resonant heavy Higgs searches in computing the MSSM Higgs production cross section using SusHi-1.6.1 [142, 143] . Equipped with these cross sections, we calculate the product of σ and the branching ratio to SUSY particles, thus effectively constructing σ odd necessary as an input to SModelS. This is a particularly new and innovative way to using SModelS for resonant searches.
An important change in our procedure is the reduction in the results database. Our primary aim is to classify all important heavy Higgs decays to SUSY particles. By definition, missing topologies in SModelS are topologies currently not present in the SModelS experimental results database. We hence artificially reduce the database in order to globally classify all heavy Higgs decays within the the missing topology module. For the results presented below we have only kept the T2tt topology in the SModelS database 4 , as the stops in the pMSSM dataset are in general heavy and a decay into a stop pair would, if kinematically allowed, not result in large signal. This has been checked numerically.
Results
We first understand the importance of supersymmetric decays of a heavy Higgs in our dataset. Previous works already showed a potentially high branching ratio of H to weakinos for moderate tan β values [9] . We study the branching ratio of H to all SUSY particles for the full 19-dimensional pMSSM parameter space of the ATLAS pMSSM dataset. Fig. 1 shows a peak branching ratio of about B(H → SU SY ) ≈ 60% for tan β < 15. In addition to decays to weakinos, it is also possible that Higgs decays to other sparticles, all contributions are taken into account in the plot. However, the main contribution comes from decays to weakinos, which has been checked numerically. The branching ratio value is decreasing to about 10% for high tan β and is nearly independent of m A . However, the approximately constant σ × B in dependence of tan β seen later is the result of increasing heavy Higgs production cross sections for regions with decreasing branching ratios. For large tan β values, the enhanced coupling of heavy Higgs bosons to down-type quarks leads to bottom-quark annihilations becoming the dominant production process.
Current LHC searches are effective for SM decays of heavy Higgs bosons and miss out on the parameter space with large branching ratios to SUSY particles. It is possible to reinterpret existing LHC SUSY searches in order to cover some of this parameter space [9, 19] . Therefore, a sole analysis of H → SM is insufficient to cover the entire parameter space for heavy Higgs and it becomes interesting to ask which final states should the experiments consider to successfully cover the whole parameter space.
With this aim, we analyze the pMSSM dataset using the SModelS setup as described in the previous section. The analysis of the missing topologies can be presented in two ways, either by showing the most frequently occurring missing topologies, or by selecting for each parameter point the missing topology with the highest cross section, the so-called 'most dominant missing topology'.
Before we quantify our results, it is important to realize two features of Higgs decays to weakinos. As the Higgs boson couples to the admixture of gaugino-higgsino states, asymmetric decays to weakinos are preferred over symmetric decays if kinematically allowed. For the higgsino dataset, theχ 0 1 ,χ 0 2 ,χ ± 1 are higgsino-like and heavier states are gauginolike. For the bino dataset,χ 0 2 can either be wino-like or higgsino-like. Ifχ 0 2 is wino-like, the decays of Higgs toχ 0 2χ 0 1 are suppressed and decays via heavier weakino states are preferred. It should be noted, that depending on the characteristics of the weakino, thus the ordering of the underlying parameters, the heavy Higgs can prefer decays to a heavier weakino state, rather than the next-to-LSP (NLSP) if kinematically allowed. Secondly, when decays to heavier states are kinematically not allowed, decays to lighter states will be preferred due to phase space even when the couplings are suppressed. This particularly matters for a light heavy Higgs (m H 1.5 TeV) within the reach of LHC14.
With this knowledge, in fig. 2 , we show the five most frequently occurring topologies for both the bino-(left panel) and higgsino-like (right panel) dataset in the m A -tan β plane. The absence of any points below m A 500 GeV is due to direct Higgs searches at the LHC. Thus, the analyzed data includes only decoupled Higgs states leading to the coupling of the heavy Higgs bosons to vector bosons being suppressed.
Followed by invisible final states, in either datasets, the most prominent missing topologies are the mono-X signatures (X = h, W , Z). They occur as a result of the asymmetric decay of a heavy Higgs to a pair of neutralinos or charginos, e.g. a pair ofχ 0 iχ 0 j (i = j). In mono-X topologies, the lighter state then decays softly to the LSP.
The most frequent topology for both, bino-and higgsino-like LSPs, with the highest frequency is (inv),(inv). This signature is the result of either extreme mass splitting between LSP and heavy weakinos, or nearly degenerate weakino states. The former leads to H decaying to a pair of LSPs, where this process is the only kinematically allowed decay mode of H to SUSY particles. However, as the heavy Higgs prefers asymmetric decays, the latter leads to large σ × B. There, H decays to the LSP and a light neutralino (e.g. χ 0
2 ) or a pair of light charginos (χ ± 1 ), where heavier states have to decay softly. It is worth noting that (inv),(inv) occurs for the lowest Higgs mass m H ∼ 500 GeV. The occurrence of (inv),(inv) at low Higgs mass is due to kinematics, where decays to higher weakinos are forbidden, this also makes it the most frequently occurring topology.
The next topology for higgsino-like LSPs is mono-W . This signature is mainly the result of H decays to a pair of charginos (H →χ ± 1χ ∓ 2 ). For the higgsino-like dataset, the chargino decays invisibly due to a small mass splitting between chargino and LSP. However in limited cases, the latter can be visible to the detector, leading to (W),(jet,jet) signatures. Mono-W signatures can also be the result of the Higgs decaying to a pair of neutralinos (χ 0 2χ 0 1 ), where the heavier neutralino state decays to a W boson and the lightest chargino. The latter then decays softly.
Only a minority of the bino-like LSP dataset contains mono-W signatures, as the heavy chargino state can be significantly heavier than the LSP, thus an asymmetric Higgs decay to charginos is kinematically forbidden or the additional decays of the heavy chargino lead to more complex topologies. For a bino-like LSP, we instead find a mono-Z topology, which occurs when the Higgs decays to pair of neutralinos.
Furthermore, we find mono-X signatures with off-shell X, where for off-shell states, the dominating channels are Z * , W * → jet jet and Z * , h * → bb. In a limited number of files, the soft W boson decays leptonically (W * → l ν l ), where a single 1 st or 2 nd generation lepton (l ∈ {e, µ}) is visible to the detector. Signatures with additional on-and off-shell vector bosons are the result of the Higgs decay to heavier neutralinos. This special case occurs more frequently in the bino-like LSP dataset, as addressed later.
The impact of kinematics on each of the topology is also clearly visible in the plots. The invisible final state and off-shell decays occur at low Higgs mass, while the mono-X topologies, which require substantial mass difference between LSP and NLSP correspondingly occur at higher masses m H ∼ 1 TeV.
It has been pointed out that simplified models resulting in mono-W /Z final states often run into unitarity violations unless carefully constructed [144] . In this light, these results demonstrating the importance of mono-X topologies are interesting. Here we obtain a theoretically consistent theory parameter space which does not violate unitarity. While the missing topologies sorted on their frequencies demonstrate the importance of mono-X topologies, it is unclear whether they are also the topologies with highest cross section at each point. In order to clarify this point, in fig. 3 , we plot topologies selecting for each parameter point the missing topology with the highest cross section. A different picture emerges in this case.
For the higgsino-like LSP dataset the preference to asymmetric decays leads to the largest cross sections for small values of the wino-and higgsino mass parameter, M 2 and µ, respectively. Thus, we find preferred decays to wino-/higgsino-like neutralinos (χ 0 i , i ∈ {1, 2, 3}) or to a pair of charginos, where the latter results in the highest cross sections. The large branching ratio of the Higgs to charginos and the fact that SModelS sums over all mother particles leaving the same signature, leads to mono-W being the dominating topology.
For bino-like LSPs, the results are less obvious. Preferred decays of Higgs to gaugino-/higgsino-mixtures lead to the highest cross sections for highly mixed bino-/higgsino-like LSPs, thus small values of the M 1 and µ parameters. Compared to the higgsino-like LSP dataset, these parameter sets have larger mass differences between the LSP and the higgsino-like chargino or NLSP. Furthermore, the wino-likeχ ± 2 andχ 0 4 can be significantly heavier than the LSP. Thus, asymmetric decays of the Higgs are more likely to be kinematically forbidden, leading to a dominant invisible signature (inv),(inv). Nevertheless, the wino-like weakinos (χ 0 4 ,χ Even though for the bino-like LSP dataset, the vertexχ 0 i → hχ 0 1 (i ∈ {2, 3}) is larger compared toχ 0 i → Zχ 0 1 , we find mono-Z signatures dominating the Higgs decay. This is the result of more possible decay modes for the decayχ i → Zχ j , as e.g. the mass difference of two neutralinos being below the light Higgs mass. SModelS sums over the initial states with same final signatures, leading to larger σ × B values for mono-Z signatures. An important difference between most frequent and most dominant topologies is the reduced importance of mono-X topologies and emergence of more complicated decay chains for the latter. Given the complex structure of the weakino sector and the dependence on multiple soft parameters, it is not unexpected to see such complicated decay chains emerging. It is also interesting to note that most dominant topologies involve decays of weakinos via intermediate sleptons or squarks. Despite intense searches, it is possible for first two generation squarks/sleptons to be light. The direct decays of the Higgs are suppressed by the small Yukawa coupling, however it is possible that heavier weakinos decay to squarks/sleptons and this is precisely seen in the figure. Such topologies however occur for rather heavy Higgs masses m H 1 TeV and only a small number of points contain these signatures.
Although it is possible to have light first two generation squarks/sleptons, lower bounds on the stop and sbottom masses disfavor a direct decay of the heavy Higgs to either (H →tt/bb). The LHC limits also forbid stops and sbottoms as an intermediate state. It is worth noting that, for bino-like LSPs we find dijet and dilepton signatures (not shown in the plots) as well. Nevertheless, dijet and dilepton signatures are insignificant in the total cross section.
The detailed physical processes underlying the missing topologies is given in table 2. It should be noted, that depending on the characteristics of the weakinos and thus the hierarchy of the soft parameters, the decay to two heavier states (e.g. H →χ 0 3χ 0 2 ) can be preferred compared to e.g. H →χ 0 3χ 0 1 . Thus, in the table, the LSP can be replaced by any other non-colored state, which then decays softly. Additionally, more complex decays have to be considered, as SModelS sums over all mother particles with the same final signature.
Mono-X Final States
In this section, we discuss mono-X signatures (X = h, W , Z) in more detail. While the previous discussion signifies that mono-X topologies would be very important to explore Higgs decays to SUSY particles, it gives no indication of the strength of the signal. To address this question, in fig. 4 we show the cross section for the mono-W topology in the relevant weakino mass plane (left panel), and in the m A -tan β parameter plane (right panel). It is worth noting that we obtain cross sections up to 10 fb for √ s = 14 TeV. We retrieve similar cross sections for the other mono-X (X = h, Z) topologies in the higgsino-like and bino-like LSP dataset, but we do not show them here.
In each of the cases, a high cross section for the mono-X topology can be obtained for a light MSSM Higgs mass (here: m A ≈ m H ), it falls smoothly as the mass of the Higgs increases as expected. The nearly constant behavior of σ × B with tan β is the result of a strongly decreasing branching ratio being compensated by an increasing total production cross section of the heavy Higgs boson. The latter is the result of an enhanced Yukawa coupling of Higgs to down-type quarks for large tan β, thus bottom-quark annihilation dominating the Higgs production. It is interesting to note that the mass difference in the LSP and NLSP can be large giving rise to potentially hard X in the final state.
Furthermore, we study the dependence of the resulting cross sections on the underlying parameters. Fig. 5 shows the production cross section of heavy Higgs bosons with mono-W signatures in the relevant parameter planes M 1 − µ (left panel) and M 2 − µ (right panel). For higgsino-like LSPs and thus, a low µ, large cross sections are found for low M 2 values. Therefore, the plots show a preferred coupling of heavy Higgs bosons to highly mixed higgsino-like and wino-like weakinos. Results with the highest cross sections are independent of the M 1 soft parameter and thus, we obtain no preferences for the bino-like component as expected.
For mono-W final states in the higgsino-like LSP dataset, we obtain the highest cross j ∈ {2, 3, 4} Table 2 : Missing topologies for heavy Higgs decays and their main possible decay processes given by the SModelS output. The subscript 'soft' represents undetected soft decay products (m soft < 5 GeV) and '*' notes off-shell particles. Electrons and muons are combined to light leptons (l) and gluons and light quarks (u, d, c, s) are combined to jets. It should be noted that LSPs as decay products can be replaced by the processχ → X * softχ 0 1 , whereχ can be any neutralino or chargino and X * soft can be any non-colored state not visible to the detector. Even though decays to wino-/higgsino-mixed weakinos are preferred, the necessity of a large gaugino-higgsino mixing for heavy Higgs couplings leads to low values of µ for binolike LSPs (see fig. 6 ). Nevertheless, the wino-likeχ 0 4 andχ ± 2 play a crucial role in the dominant signatures of heavy Higgs decays, as the decay into those particles has large branching ratios if kinematically allowed. This leads to either more complex signatures (e.g. ((Z/W),(jet,jet)),(jet,jet)) or potentially high energetic final state bosons.
In particular it is interesting to analyze the production channels of the Higgs and hence possible impact on the final states. SuSHi takes into account gluon fusion processes (ggH) and bottom-quark annihilation (bbH) production channels to compute the heavy Higgs production cross section. It is important to note which of the production channels dominates for the mono-X final states and therefore whether additional jets or b-quarks are to be expected in the events. Fig. 7 shows the ratio of the cross sections for the two production channels from proton-proton collisions. Since the gluon fusion process is dominant for low tan β ( 7), mono-X signatures from heavy Higgs decays with large cross sections are the result of H being produced in bottom-quark annihilation processes. This may leave up to two potentially hard b-jets in the detector. Similar results are found for other mono-X topologies and the bino-like LSP dataset.
The outlier parameter sets with high tan β and a large cross section due to gluon fusion contain light sbottom-quarks (b 1 ,b 2 ). Therefore the dominant gluon fusion production mechanism is the result of light sbottoms in the triangle loop diagram with its contribution being enhanced by a large tan β value.
Invisible Heavy Higgs Decays
For low masses of the Higgs boson, a decay to heavy SUSY particles can become kinematically forbidden. Thus, the only relevant decay products are LSP pairs, where this process results in solely missing transverse momentum in the detector. However, large cross sections of (inv),(inv) signatures are the result of asymmetric H decays to nearly degenerate light neutralinos, or a pair of light charginos. The heavier states then decay softly to the LSP.
In fig. 8 , we visualize the calculated cross sections for heavy Higgs productions at 14 TeV center-of-mass energy times the branching ratio leading to these signatures for the higgsinolike LSP dataset. We find similar results for the bino-like LSP dataset with potentially large cross sections for fairly light Higgs bosons. The σ × B values reduce drastically for increasing Higgs masses, as then other decay processes become dominant. The (inv),(inv) signature is the dominant process, having the highest cross section for the majority of the bino-like LSP dataset and a significant amount of the higgsino-like LSP dataset. In order to constrain (inv),(inv) final state, the experiments often rely on the presence of hard initial state radiation e.g. in mono-jet searches. For heavy Higgs bosons produced in bottom-quark annihilation processes, the additional production of up to two potentially hard b-jets can thus be used in addition to the existence of soft final states and missing energy. 
Long Cascade Decays
While the above analysis shows the importance of mono-X topologies, it is unclear whether there are any additional complex decay chains with even larger signal cross sections in the parameter space. In order to address this question, we use the long-decay chains module of SModelS, to understand Higgs decays with more than one intermediate sparticle per branch. These signatures are the result of heavy Higgs decaying to heavy neutralino/chargino states. Fig. 9 shows the ratio of the cross section to long-cascade decays σ(pp → H → long cascade) to the total cross section of heavy Higgs productions in pp-collisions σ(pp → H) in the m Atan β parameter plane. We find long-cascade decays are negligible in regions where we expect large Higgs production cross sections. We only obtain a non-negligible signal with long-cascade decays for the bino-like LSP dataset with large Higgs masses, where Higgs decay to the wino-like heavy neutralino and chargino has large branching ratio and thus a cascade decay is expected. Only for m H ≈ 3 TeV and tan β ≈ 10, the entire Higgs production cross section can lead to long cascade decays. Therefore, simple decay chains with e.g. mono-X signatures in the detector are dominating the heavy Higgs boson decay to sparticles. 
Impact of 13 TeV SUSY Searches
The pMSSM dataset used, although is one of most complete phenomenologically viable dataset after LHC Run-1, it does not include 13 TeV LHC results. It is therefore interesting to understand the impact of 13 TeV LHC searches and any implications for Higgs decays. Studies of the pMSSM parameter set with hadronic 13 TeV LHC Run 2 ATLAS constraints from early direct SUSY searches with 3.2 fb −1 integrated luminosity have been performed [145, 146] . We use the public results from these studies [147] to identify changes in our missing topologies. We find that hadronic analyses from 13 TeV LHC searches considered in [145, 146] are able to exclude about 13.8 % (18.4 %) of the higgsino-like (bino-like) LSP dataset after applying all constraints mentioned before. The excluded SLHA files have no influence on the most frequent and most dominant missing topologies and are not able to exclude regions of the m A − tan β parameter plane with definite characteristics.
Wino-like LSP
The small mass difference of the LSP to the light charginoχ ± 1 leads to a long lifetime of the latter and therefore displaced vertex signatures in the detector. As the current version of SModelS cannot handle displaced vertices, we did not include the wino dataset in the above results. We study the cross sections in dependence of the decay length cτ and the light chargino (heavy Higgs) mass of heavy Higgs bosons decaying to a pair of charginos including the long-lived light chargino (H →χ ± 1χ ∓ i , i = 1, 2) for wino-like LSPs as seen in fig. 10 left (right) . We find promising results with cross sections up to 80 fb for √ s = 14 TeV, as the branching ratio of the heavy Higgs boson decaying to charginos dominates over a decay to neutralinos and the preferred decay of heavy Higgs to a mixture of wino-/higgsino-like LSPs. A benchmark point for such high cross sections can be obtained by setting M 1 = −1211.10 GeV, M 2 = −108.53 GeV, µ = 388.07 GeV, tan β = 26.50 and m A = 717.71 GeV. Thus, resonant heavy Higgs searches for wino-like LSPs with displaced vertex signatures are a potentially good candidate for future long-lived particle searches at the LHC. 
Conclusion
In this study we characterized the decays of MSSM neutral Higgs bosons to supersymmetric particles. We used a pre-collected data sample of a full 19-dimensional pMSSM parameter space. The dataset already obeys constraints from the dark matter relic density, LEP and ATLAS searches for SUSY particles, and it requires the light Higgs to be within the observed mass range. Furthermore, we have checked the parameter sets against current limits from the Higgs sector using HiggsBounds and HiggsSignals.
We used the SModelS framework to analyze the phenomenologically viable parameter sets and characterize possible signatures resulting from heavy Higgs bosons decaying to supersymmetric particles. Given the large possibilities for the heavy Higgs boson to decay to supersymmetric particles and further decays of SUSY particles, it is important to use automatized approaches such as SModelS for efficient classification. Since SModelS is not able to handle resonant searches, we propose a unique method of using the framework. By providing the calculated product of the production cross section, computed with SusHi, and the branching ratio of the decay to SUSY particles σ(pp → H) × B(H → SU SY ) in the input-file, it is possible to apply SModelS for resonant heavy Higgs searches.
It should be noted that the methods used in this work can also be used to classify the decays of CP-odd and charged Higgs boson. The production mechanisms of CP-odd Higgs are similar to that of CP-even for the decoupling regime, however the couplings to the weakino sector depend on tan β and not on the Higgs mixing angle α. The decay chains are hence expected to be different. For charged Higgs the production mechanisms are very different compared to the neutral Higgses, however once the production cross sections are computed, the methodology presented here can be readily applied.
The analysis of the heavy neutral Higgs boson for the higgsino-like and bino-like LSP datasets leads to mono-X (X = h, W , Z) signatures being the most frequently occurring as well as topologies with the largest cross sections. These signatures are the result of the asymmetric decay of H to a pair of neutralinos or charginos, where the lighter state decays softly to the LSP (∆m < 5 GeV) and the heavier state decays to the LSP and X. The calculated production cross section resulting in those signatures revealed values up to 10 fb for a center-of-mass energy of √ s = 14 TeV.
Furthermore, a detailed study of their underlying parameter sets showed large cross sections for highly mixed weakino states, preferring mixed higgsino-/wino-like LSPs. Mono-X signatures will have additional b-jets in the detector as a result of bottom-quark annihilation being the dominant heavy Higgs production process for about 98 % of the analyzed pMSSM parameter space. Since we found cross sections with long-cascade decay signatures being negligible, the decay of heavy Higgs bosons to sparticles will dominantly result in simple topologies.
Studies performed in Ref. [145] and [146] used early results from LHC Run 2 with 3.2 fb −1 integrated luminosity to additionally constrain the pMSSM dataset. We applied this study to show the possible exclusion of 13.8 % (18.4 %) of the remaining higgsino-like (binolike) LSP dataset. However, these constrains are not able to exclude a certain region of the pMSSM parameter space and have no influence on the most frequent and dominant missing topologies of heavy Higgs decays.
We also argue that solely by considering direct Higgs searches, where the heavy Higgs decays to SM particles, is insufficient to probe the full pMSSM parameter space. Therefore, resonant heavy Higgs searches with a decay to SUSY particles are crucial for future analyses.
As we obtain a preferred decay of the heavy Higgs boson to highly mixed higgsino-/wino-like LSPs, we expect large cross sections in the wino-like LSP dataset. However, the small mass difference of the LSP to the light charginoχ as its decay to supersymmetric particles is highly dependent on the underlying parameters of the 19-dimensional pMSSM parameter space, it mainly results in simple signatures, as e.g. mono-X (X = h, W , Z). We found potentially large cross sections for those topologies being reachable for the future LHC update. The high-luminosity LHC, with a total of 3 ab −1 integrated luminosity will therefore be able to probe the pMSSM parameter space by searching for heavy Higgs bosons decaying to sparticles.
Given the results of this study, it will be interesting to reinterpret the existing mono-X searches and demonstrate the existing coverage for heavy Higgs decay. This will be covered in a future work. For the limited number of points resulting in signatures other than mono-X final states, it is interesting to ask whether the signal shape is different as compared to SUSY production via SM mediators. Such differences in the signal shapes can then be used to search for resonance production decaying to supersymmetric particles. This question will be addressed in an upcoming study. 
